Although dexamethasone (DEX) is known to cause hypertension in humans and in animals, the hemodynamic characteristics of DEX-induced hypertension (DEX-HT) in the rat remain unclear. This study evaluated central and regional hemodynamics, and the role of total peripheral resistance (TPR) using a vasodilator minoxidil. Rats were divided into four groups, namely saline (n¼20), DEX (n¼21), minoxidil+saline (n¼10) and minoxidil+DEX (n¼10). Tail-cuff systolic blood pressure was recorded every second day. After 10-14 days of treatment, central (saline: n¼9, DEX: n¼10) and regional (saline: n¼11, DEX: n¼11) hemodynamic parameters were measured. Central hemodynamic data were also obtained from minoxidil-treated rats. DEX increased blood pressure (Po0.0005) in association with an increase in TPR (Po0.05). However, individual assessments of renal, mesenteric and hindquarter circulations did not detect any significant increase in resistance in these beds. Minoxidil increased cardiac output (P ¢o0.01) and cardiac index (P ¢o0.005) as well as decreased TPR (P¢o0.05) without affecting DEX-HT. DEX prevented weight gain and decreased thymus weight. The increase in TPR in DEX-HT in rats was not simply explained by isolated alterations to resistance in the renal, mesenteric or hindquarter circulations. Minoxidil effectively prevented the increase in TPR but not the increase in blood pressure, suggesting that an increase in TPR is not essential for DEX-induced blood pressure increase. Keywords: dexamethasone; hemodynamics; minoxidil; total peripheral resistance INTRODUCTION Synthetic glucocorticoid dexamethasone (DEX) is commonly used in clinical settings for the treatment of various medical conditions. It is used in adrenal insufficiency as a glucocorticoid hormone replacement treatment, in multiple myeloma together with other chemotherapeutic agents, to decrease cerebral edema due to intracranial pathology and as an anti-emetic in patients with cancer. When used chronically at a supra-physiological dose, DEX results in hypertension. The underlying mechanism for DEX-induced hypertension (DEX-HT) remains unclear. We have recently reviewed postulated mechanisms of DEX-HT. 1 There is evidence against plasma volume expansion 2 or sympathetic nerve activation 3 as key mechanisms of DEX-HT in humans. The roles of endogenous vasoconstrictors and vasodilators in DEX-HT are variable, with possible associations with nitric oxide, prostanoids, angiotensin II, arginine vasopressin, endothelins, catecholamines, neuropeptide Y and atrial natriuretic peptide. 1 Studies on DEX-HT in rodents have indicated that nitric oxide deficiency 4 and oxidative stress 5 are implicated in this form of hypertension. Nevertheless, the hemodynamic profile has not been fully evaluated in this model.
INTRODUCTION
Synthetic glucocorticoid dexamethasone (DEX) is commonly used in clinical settings for the treatment of various medical conditions. It is used in adrenal insufficiency as a glucocorticoid hormone replacement treatment, in multiple myeloma together with other chemotherapeutic agents, to decrease cerebral edema due to intracranial pathology and as an anti-emetic in patients with cancer. When used chronically at a supra-physiological dose, DEX results in hypertension. The underlying mechanism for DEX-induced hypertension (DEX-HT) remains unclear. We have recently reviewed postulated mechanisms of DEX-HT. 1 There is evidence against plasma volume expansion 2 or sympathetic nerve activation 3 as key mechanisms of DEX-HT in humans. The roles of endogenous vasoconstrictors and vasodilators in DEX-HT are variable, with possible associations with nitric oxide, prostanoids, angiotensin II, arginine vasopressin, endothelins, catecholamines, neuropeptide Y and atrial natriuretic peptide. 1 Studies on DEX-HT in rodents have indicated that nitric oxide deficiency 4 and oxidative stress 5 are implicated in this form of hypertension. Nevertheless, the hemodynamic profile has not been fully evaluated in this model.
The hemodynamics of DEX-HT has been evaluated in both humans 6 and dogs. 7 DEX-HT in humans (3 mg per day) was associated with increased total peripheral resistance (TPR) without any change in cardiac output (CO). 6 Although these are useful data depicting the hemodynamic patterns of DEX-HT, little is known about the regional flow patterns contributing to increased TPR. In dogs, DEX-HT (0.5 mg kg À1 per day) was found to be associated with increased TPR and decreased CO. 7 Whether these changes represent features necessary for the development of DEX-HT is not known. In that study, only CO, TPR and renal blood flow were evaluated, leaving other hemodynamic parameters unexamined. Furthermore, the relevance of the dog model of DEX-HT to that in humans remains unclear. For examining the mechanisms of glucocorticoid-induced hypertension, the rat may be more applicable to the human situation. 8, 9 In this study, we evaluated the hemodynamic profiles of DEX-HT using ultrasonic transit-time flowmetry. This method has been validated for the measurement of CO and regional blood flow in rats. 10 As increased TPR was observed in DEX-HT in rats, we proceeded with a second series of experiments to examine the role of TPR in DEX-HT in rats by using minoxidil, a pyrimidine derivative used in the treatment of hypertension. It is a potent vasodilator that also increases CO and heart rate (HR). It is generally not used as a single agent in the treatment of hypertension, as it can cause reactive fluid retention and an increase in left ventricular mass. In this study, minoxidil at 15 mg kg À1 per day was used, as it has been shown to be effective in reducing TPR in rats. 11 
METHODS

Experimental animals
This study was approved by the Animal Experimentation Ethics Committee of the Australian National University (Protocol no. J.HB.22.06). A total of 61 male Sprague-Dawley rats (body weight 200-300 g) were housed in plastic cages with a controlled temperature of between 21-23 1C and a 12-h light-dark cycle. The rats had free access to standard rat chow and tap water. They were acclimatized for 7 days to their surroundings, handling and tail-cuff sphygmomanometer before commencing the experiment.
Treatment protocols
We conducted two sets of experiments to evaluate the hemodynamics of DEX-HT. The first set evaluated the hemodynamic profiles of DEX-HT and the second examined the role of TPR in DEX-HT.
In the first experiment, central and regional hemodynamic profiles of DEX-HT were examined. A total of 19 rats (sham, n¼9 and DEX treatment, n¼10) were used in the central hemodynamics study and 22 rats (sham, n¼11 and DEX treatment, n¼11) in the regional hemodynamics study. These rats received saline by gavage (0.1 ml per 100 g body weight per day, from day 1 to 16) and subcutaneous (s.c.) saline (0.2 ml per rat per day) or DEX injections (20 mg per rat per day, s.c., David Bull Laboratories, Mulgrave, Victoria, Australia) from day 5 to 16.
In the second experiment, all rats (n¼20) received minoxidil (15 mg kg À1 per day, Sigma-Aldrich, St Louis, MO, USA) daily by gavage between 1500 and 1600 hours for 16 days (days 1-16). From day 5 to 16, they were also administered either DEX (n¼10) or sham (n¼10) s.c. injections daily between 1500 and 1600 hours. The data from this experiment were compared with those of the control rats (sham control, n¼9 and DEX control, n¼10) that underwent central hemodynamic experiments in Experiment 1.
Blood pressure and body weight measurements
Noninvasive systolic blood pressure (SBP) was measured in conscious rats between 0900 and 1100 hours on alternate days using a tail-cuff sphygmomanometer (Narco Biosystems, Houston, TX, USA). Several readings were recorded and the mean of four median readings, among which the difference was not 410 mm Hg, was accepted. Body weights were measured on alternate days after tail-cuff SBP measurements.
Direct blood pressure measurements were recorded under pentobarbitone anesthesia (60 mg kg À1 , intraperitoneally (i.p.), Merial Australia, Sydney, New South Wales, Australia) on the last day of experiment (day 16). Mean arterial pressure (MAP), SBP and diastolic blood pressure (DBP), as well as HR were measured using a catheter tip pressure transducer (Mikro-Tip SPR-320; Millar Instruments, Houston, TX, USA) that was inserted into the left carotid artery and advanced into the level of the aortic arch.
Surgical approaches for CO and regional flow measurements
Cardiac output was measured using a Transonic 3SS perivascular probe (Transonic System, Ithaca, NY, USA), a Transonic T106 small animal flowmeter (Transonic System) and a PowerLab data acquisition system (ADInstruments, Sydney, New South Wales, Australia). Rats were anesthetized on a heating pad in a dorsally recumbent position, mechanically ventilated (Harvard Apparatus, South Natick, MA, USA) and administered intravenous saline (1 ml per h) through a tail vein intravenous cannula. Bilateral thoracotomy was performed to expose the heart and ascending aorta. The ascending aorta was isolated and the probe was positioned around the ascending aorta. Acoustic gel (SurgiLube; W Fougera, Melville, NY, USA) was deposited into the acoustic window of the probe adjacent to the artery while replacing the air space. After 20 min of stabilization, CO measurements were recorded at 1-min intervals for 10 min and averaged.
Regional blood flow readings were measured using a 1RB perivascular probe (Transonic System) and the same flowmeter and data acquisition system. Midline laparotomy was performed in anesthetized rats. The left renal artery, superior mesenteric artery and left common iliac artery were carefully located and isolated. The 1RB perivascular probe was then placed around these arteries sequentially for blood flow measurements. All measurements were recorded at 1-min intervals after at least 20 min of stabilization and averaged.
Calculation of other hemodynamic parameters
Cardiac index (CI)¼CO/100 g body weight Stroke volume (SV)¼CO/HR Stroke index (SI)¼CI/HR Total peripheral resistance (TPR)¼MAP/CO Regional vascular resistance¼MAP/regional blood flow
Hematocrit estimation
After the hemodynamic experiments, the animals were killed by exsanguination. Blood was collected into heparinized capillary tubes and centrifuged. Hematocrit was measured using a micro-hematocrit reader (Hawksley and Sons, Lancing, UK). Data were expressed as percentage of red blood cells per total volume of blood.
Thymus weight measurement
Thymus wet weight per 100 g body weight was obtained as a marker of glucocorticoid activity.
Statistical analysis
Statistical analysis was carried out using SPSS software (version 15.0, SPSS, Chicago, IL, USA). Results were expressed as mean±s.e.m. Results were analyzed by unpaired t-test or repeated-measures analysis of variance with Greenhouse-Geisser adjustment for multisample asphericity. The Ryan-Holm step down Bonferroni procedure was applied to raw P-values to control the family-wise type 1 error. Po0.05 or Bonferroni-adjusted P-value (P¢) p0.05 was considered significant.
RESULTS
Hemodynamic profiles of DEX-HT
Tail-cuff SBP. In the first experiment, sham injections with sterile saline did not alter SBP (126±3 mm Hg on day 5, 124±2 mm Hg on day 16, n¼21). DEX significantly increased SBP from 123 ± 2 mm Hg on day 5 to 142 ± 2 mm Hg on day 16 (n¼20, Po0.0005). In comparison with saline-treated rats (n¼20), SBP in the DEX-treated group (n¼21) was significantly higher (Po0.0005) (Figure 1a) .
Central hemodynamics. Dexamethasone-treated rats (n¼10) had significantly higher MAP (Po0.0005), SBP and DBP (Po0.0005), as well as TPR (P¢o0.05) levels in comparison with the sham treatment group (n¼9). There was no significant difference in HR, CO, CI, SV and SI between the DEX (n¼9) and sham (n¼10) treatment groups (Table 1) .
Regional hemodynamics. In comparison with sham treatment (n¼11), DEX treatment (n¼11) increased MAP (Po0.05), SBP (Po0.005) and DBP (Po0.05), but did not significantly change renal, mesenteric or common iliac blood flow or vascular resistance measurements ( Table 2) .
Role of TPR in DEX-HT Tail-cuff SBP. Dexamethasone treatment increased tail-cuff SBP from 125±4 to 140±3 mm Hg (days 5-16, Po0.005, n¼9), whereas sham injections with saline did not alter SBP (day 5: 128 ± 4 mm Hg, day 16: 120 ± 4 mm Hg, n¼10). Tail-cuff SBP in the DEX-treated group (n¼10) was significantly higher than that in the sham treatment group (Po0.005, n¼9). The increase in tail-cuff SBP in rats treated with minoxidil+DEX was not significant (P¼0.086, n¼10). Minoxidil treatment did not alter SBP in saline-treated rats (Figure 1b) .
Direct blood pressure measurements. Both direct SBP and DBP measurements obtained on day 16 were significantly higher in DEXtreated rats than in saline-treated (control) rats. Rats that were on minoxidil+DEX treatments had a significantly lower SBP than did those on DEX treatment alone (P¢o0.05). However, there was no significant difference in direct DBP between DEX-and minoxidil+DEX-treated rats. Minoxidil treatment significantly increased direct DBP (P¢o0.05) but not direct SBP or MAP in rats that received saline injections.
Mean arterial pressure was significantly higher in rats on DEX than in those on saline (P¢o0.01). This increase was not prevented by minoxidil. Minoxidil did not alter MAP in saline-treated rats (Table 1) .
Heart rate. Heart rate was not significantly altered by DEX or minoxidil treatments (Table 1) .
Stroke volume and stroke index. There was no significant difference in SV and SI between the DEX-treated and sham groups. In comparison with the sham group, rats on minoxidil+sham treatments had a significantly higher SV (P¢o0.005) and SI (P¢o0.05). Similarly, minoxidil+DEX treatments resulted in a significantly higher SV (P¢o0.005) and SI (P¢o0.005) compared with DEX treatment alone (Table 1) .
Cardiac output and cardiac index. Minoxidil+sham treatments significantly increased CO (P¢o0.01) and CI (P¢o0.005) in comparison with the sham group. Similarly, minoxidil+DEX-treated rats had a significantly higher CO (P¢o0.01) and CI (P¢o0.005) compared with DEX-treated rats (Table 1) .
Total peripheral resistance. Total peripheral resistance was significantly increased in the DEX-treated group compared with the sham 
Body weight
There was an initial decrease in body weight from 285±4 g on day 5, after the initiation of DEX treatment, to 277 ± 4 g on day 7 (Po0.0005). Subsequently, body weight remained stable at that level throughout the entire treatment period (n¼21). Conversely, rats on sham treatment gained weight progressively over the entire experimental period from 280 ± 7 g on day 5 to 328 ± 7 g on day 16 (n¼20, Po0.0005). Minoxidil did not alter DEX-induced body weight changes (Figure 2 ).
Hematocrit
There was no significant difference in hematocrit between saline and DEX-treated rats. Minoxidil+sham treatments produced a significant decrease in hematocrit compared with sham treatment alone. This decrease was not seen in minoxidil+DEX-treated rats (Table 3) .
Thymus weight
Dexamethasone treatment, regardless of the presence of minoxidil treatment, decreased thymus weight (Table 3) .
DISCUSSION
Dexamethasone increased blood pressure and TPR but did not alter CO, CI, SV or SI in the rat. However, the evaluation of renal, mesenteric and hindquarter circulations that were performed sepa- rately did not identify any significant increase in resistance in these beds. Minoxidil treatment significantly decreased TPR and increased CO in DEX-hypertensive rats but did not prevent hypertension (measured using the tail-cuff method). The increase in TPR observed in this study is consistent with the results obtained from DEX-hypertensive humans 6 and dogs. 12 It is unlikely that alterations in blood viscosity, which could in turn alter vascular resistance, contribute to the increase in TPR in DEX-HT. In this study, DEX-HT was not associated with any change in hematocrit. This finding was different from that reported by Hu et al. 5 and Tonolo et al. 13 showing that DEX at lower doses (20 mg kg À1 per day, which is approximately 5-6 mg per rat per day and 2 mg per rat per day) resulted in a small but significant increase in hematocrit in rats. It is possible that the small increase in hematocrit due to DEX treatment in this study was masked by interventions during surgical procedures, such as intravenous saline administration. It is also not clear whether differences in the dose of DEX had an effect in the observed discrepancy. The effect of DEX on hematocrit and plasma osmolality was different in other species. In humans, DEX-HT was not associated with increased hematocrit. 14 DEX-HT in dogs was not accompanied by a significant alteration in plasma osmolality. 7 Another explanation for the increase in TPR is DEX-induced changes to vascular tone. There is increasing evidence linking deficiency in vasorelaxant nitric oxide to the pathogenesis of DEX-HT. Plasma nitrate/nitrite, a marker of nitric oxide synthesis, was significantly reduced in DEX-hypertensive humans 14 and in rodents. 4, 15 There are also reports implicating DEX in potentiating vascular pressor responsiveness to noradrenaline and/or angiotensin II in humans, 6 rats 16 and dogs. 7 Despite detecting an increase in TPR, we did not observe any significant differences in blood flow or resistance in individual renal, mesenteric or hindquarter vascular beds in this study. It is possible that the observed increase in TPR may reflect cumulative changes from a number of peripheral vascular beds, including those evaluated in this study. In addition, these changes could also be a consequence of alterations in a site or sites other than the renal, mesenteric or hindquarter vascular system. Furthermore, this technique may not be sensitive enough to detect a change in the different vascular beds separately. DEX administration at a significantly higher dose (3 mg kg À1 or B900 mg per rat per day, continuous infusion over 24 h) in conscious rats resulted in increased MAP and decreased renal and mesenteric blood flows. 17 These differences could be due to various factors, such as DEX dose differences, duration of the study and anesthesia. Data obtained from studies using a high DEX dose need to be interpreted with caution. Volume depletion through diuresis 18 due to high-dose DEX may confound hemodynamic assessments of DEX-HT.
Oral minoxidil at 15 mg kg À1 per day has been previously shown to be effective in decreasing TPR in adrenocorticotrophic hormoneinduced hypertensive rats. 11 Using the same dose and mode of administration, TPR in both saline-and DEX-treated rats was significantly decreased. Despite these changes, oral minoxidil did not significantly decrease tail-cuff SBP, direct MAP or direct DBP of DEX-hypertensive rats. In contrast, the direct SBP of DEX-induced hypertensive rats was decreased by minoxidil when measured using the direct method. The discrepancy observed in SBP measurements obtained using the two methods is most likely due to differences in experimental conditions and techniques. Using the direct method, the rats were anesthetized and mechanically ventilated. Tail-cuff SBP, in contrast, was obtained from restrained conscious animals without the effects of general anesthesia and mechanical ventilation. As shown previously, the tail-cuff system is a reliable method for assessing rat SBP and produces results that are comparable with telemetry. 19 In this study, hemodynamic parameters were measured under pentobarbitone general anesthesia (60 mg kg À1 , i.p.). There are reports documenting the effect of anesthetic agents on hemodynamic measurements. 20, 21 Pentobarbitone (50 mg kg À1 , i.p.) has been shown to decrease CI and HR in mice. 20 Koeppen et al. 21 have also demonstrated that pentobarbitone significantly reduced renal blood flow. Mechanical ventilation can also affect hemodynamic parameters. A changing ventilatory pattern in rats under choralose general anesthesia from spontaneous breathing to artificial ventilation resulted in a significant decrease in CO and SV, and a significant increase in MAP, HR and TPR. 22 In view of these limitations, appropriately matched controls, which also underwent similar experimental and surgical conditions, were used to minimize the confounding effects associated with acute hemodynamic experiments.
Although direct SBP of DEX-hypertensive rats was significantly reduced by minoxidil, increases in direct MAP and DBP due to DEX were not significantly lowered. Furthermore, DBP in the minoxidil+saline group was significantly increased compared with that in the saline-only group. There are two possible explanations for this absence of an antihypertensive effect of minoxidil. First, the increase in TPR is not critical to the development of DEX-HT, although it might contribute to the maintenance of the hypertensive state. Second, the antihypertensive effect of minoxidil may have been offset by volume factors. CO and CI, in both minoxidil+saline-and minoxidil+DEX-treated rats, were increased. As there was no change in HR between treatment groups, minoxidil-induced increases in CO and CI were also associated with increases in SV and SI in the saline and DEX-treated rats. It is likely that these increases counteracted the vasodilator effect of minoxidil. The mechanism responsible for the increases in CO and CI and the loss of blood pressure-lowering effect of minoxidil is mainly related to plasma volume expansion. In this study, we observed a decrease in hematocrit due to minoxidil in the saline-treated group. Several studies have also suggested that minoxidil treatment resulted in plasma and blood volume expansion in rats. [23] [24] [25] Minoxidil did not alter hematocrit in DEX-HT rats despite increasing CO and CI. It remains unclear whether DEX can inhibit the decrease in hematocrit due to minoxidil.
In conclusion, DEX-HT is associated with increased TPR. Concomitant treatment with the vasodilator minoxidil prevented the increase in TPR but did not prevent DEX-HT, which was associated with increase in CO and CI. Thus, increased TPR is a feature of DEX-HT that is not critical for the production of DEX-HT.
